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Abstract
The last decade was remarkable for neutrino physics. In particular, the phe-
nomenon of neutrino flavor oscillations has been firmly established by a series
of independent measurements. All parameters of the neutrino mixing are now
known and we have elements to plan a judicious exploration of new scenarios
that are opened by these recent advances. With precise measurements we can
test the 3-neutrino paradigm, neutrino mass hierarchy and CP asymmetry
in the lepton sector. The future long-baseline experiments are considered to
be a fundamental tool to deepen our knowledge of electroweak interactions.
The Deep Underground Neutrino Experiment – DUNE will detect a broad-
band neutrino beam from Fermilab in an underground massive Liquid Argon
Time-Projection Chamber at an L/E of about 103 km / GeV to reach good
sensitivity for CP-phase measurements and the determination of the mass
hierarchy. The dimensions and the depth of the Far Detector also create
an excellent opportunity to look for rare signals like proton decay to study
violation of baryonic number, as well as supernova neutrino bursts, broad-
ening the scope of the experiment to astrophysics and associated impacts in
cosmology. In this presentation, we will discuss the physics motivations and
the main experimental features of the DUNE project required to reach its
scientific goals.
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1. The DUNE and LBNF projects
Although the Standard Model of particle physics presents a remarkably
accurate description of the elementary particles and their interactions, it is
known that the current model is incomplete and that a more fundamental
underlying theory must exist. Results from the last decades, that the three
known types of neutrinos have nonzero mass, mix with one another and oscil-
late between generations, implies physics beyond the Standard Model. The
neutrino mass generation shows to be more complex than the Higgs mech-
anism embedded in the Glashow-Salam-Weinberg electroweak theory. The
neutrino interactions have very small cross-sections, for this reason, neutri-
nos can only be observed and studied via intense neutrino sources and large
detectors. Neutrino experiments can be a straight way (at lower cost) to test
the fundamentals of electroweak interactions. Additionally, a large detector
placed underground, in a low-background environment can be used to study
rare process, as the proton decay or supernovae neutrinos bursts, in which
neutrinos seem to play a major role in the core-collapse mechanism and the
subsequent ejection of the star’s matter. If the collapsing star is massive
enough, it can also end as a black hole. The following list summarizes the
above remarks and their related open questions in neutrino physics:
– Matter-antimatter asymmetry: Immediately after the Big Bang,
matter and antimatter were created equally, but now matter dominates.
– Nature’s fundamental underlying symmetries: the patterns of
mixings and masses between the particles of the Standard Model is not
understood.
– Grand Unified Theories (GUTs): Experimental results suggest
that the physical forces observed today were unified into one force at
the birth of the universe. GUTs predict that protons should decay, a
process that has never been observed.
– Supernovae: How do supernovae explode and what new physics will
we learn from a neutrino burst?
To address all of these questions the worldwide neutrino physics com-
munity is developing a long-term program to measure unknown parameters
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of the Standard Model of particle physics and search for new phenomena.
The physics program will be carried out as an international, leading-edge,
dual-site experiment for neutrino science and proton decay studies, which
is known as the Deep Underground Neutrino Experiment (DUNE). The in-
frastructure for the beam and the experimental sites constitutes the Long-
Baseline Neutrino Facility (LBNF). Together, DUNE and LBNF represent a
very ambitious program in neutrino and elementary particle science, not to
mention the impacts of the expected outcomes in astrophysics and cosmol-
ogy. DUNE will comprise two experimental sites. The first at the Fermilab
site, hosting the worlds highest-intensity neutrino beam and a high-precision
near detector. The second at the Sanford Underground Research Facility
(SURF) 1300 km away in Lead (SD), where a 40 kton liquid argon time-
projection chamber (LArTPC) far detector will be installed underground (∼
1500 m deep). Fermilab will also provide all of the conventional and technical
facilities necessary to support the beamline and detector systems.
1.1. The Beam
The LBNF beamline includes key features inherited from the successful
NuMI beam line design for the MINOS and NOvA experiment (Ayres et al.
2004). It exploits the same configuration of a target and horn system, with
the spacing of the target and two horns tuned to obtain an intense neutrino
flux at the first oscillation maximum and to extend as much as possible to the
second as well. Profiting from the effective experience of the NuMI design the
decay pipe is helium-filled, while the target chase is air-filled. The proton
beam energy can be adjusted within the 60 and 120 GeV range, with the
corresponding range of beam power from 1.0 to 1.2 MW. The ability to vary
the proton beam energy is essential for optimizing the neutrino spectrum
and to understand systematic effects in the beam production. An energy
tunable neutrino beam also provides flexibility to allow the addressing of
future questions in neutrino physics that may require a different neutrino
energy spectrum. The reference design has values of 204 m length and 4 m
diameter for the decay pipe, both matching well to the physics of DUNE but
studies to determine the optimal dimensions continue. The main elements of
the beam line are shown in Figure 1.
1.2. The Far Detector
The far detector (FD) will be composed of four similar modules, each
one a liquid argon time-projection chamber (LArTPC). The LArTPC tech-
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Figure 1: Cross section of the beam line at Fermilab. From right to left: protons are
extracted from the main injector and are pointed to SURF. The proton collisions at the
target produce pions, which decay into muons and neutrinos. Muons are filtered in the
absorber and the remaining neutrino beam goes through the Near Detector and finally to
the ∼ 1300 km long path through the Earth crust until the Far Detector.
nology (Rubbia 1977; Acciarri et al. 2015a) provides excellent tracking and
calorimetry performance, making it as an excellent choice for massive neu-
trino detectors such as the DUNE FD. Moreover, the LArTPC ability for
precise reconstruction of the kinematical properties of particles increases the
correct identification and measurements of neutrino events over a wide range
of energies. The full imaging of events will allow study of neutrino inter-
actions and other rare events with an unprecedented resolution. The huge
mass will grant the collection of a vast number of events, with sufficient statis-
tics for precision studies. The reference design adopts a single-phase (SP)
readout, where the readout anode is composed of wire planes in the LAr vol-
ume. An alternative design is also considered, based on a dual-phase (DP)
approach, in which the ionization charges are extracted, amplified and de-
tected in gaseous argon (GAr) above the liquid surface. The photon-detection
schemes in the two designs are also different, in the SP the photon detectors
are distributed within the LAr volume, in the DP they are concentrated at
the bottom of the tank. A sketch of both proposals (SP and DP) can be
found in Figure 2.
The 10 kton TPC reference design has an active volume with 12 m high,
14.5 m wide and 58 m long. The TPC is instrumented with anode plane
assemblies (APAs), which are 6.3 m high and 2.3 m wide, and cathode plane
assemblies (CPAs), 3 m high by 2.3 wide. They are arranged in stacks form-
4
Figure 2: 3D models of two 10 kton detectors using the single-phase reference design (top)
and the dual-phase alternative design (bottom) for the DUNE far detector to be located
at 4850L.
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ing walls (three CPAs interleaved by two APAs) and providing drift modules
separated by 3.6 m each along the beam direction (see Figure 3). The CPAs
are held at 180 kV, such that ionization electrons drift a maximum distance
of 3.6 m in the electric field of 500 V/cm. The ultimate validation of the en-
gineered solutions for both designs of the FD is foreseen in the context of the
neutrino activities at the CERN around 2018, where full-scale engineering
prototypes will be assembled and commissioned. Following this milestone,
a test-beam data campaign will be executed to collect a large sample of
charged-particle interactions in order to study the response of the detector
with high precision. There is recognition that the LArTPC technology will
continue to evolve with (1) the large-scale prototypes at the CERN Neutrino
Platform and the experience from the Fermilab SBN program (Acciarri et al.
2015b), and (2) the experience gained during the construction and commis-
sioning of the first 10 kton module. The chosen strategy for implementing
the far detector is a staged approach. The deployment of consecutive mod-
ules will enable an early science program while allowing implementation of
improvements and developments during the experiments lifetime.
1.3. The Near Detector
The primary role of the DUNE near detector system is to perform a pre-
cise characterization of the energy spectrum and composition of the neutrino
beam at the source, in terms of both muon and electron-flavored neutrinos
and antineutrinos. It can also be profited to provide measurements of neu-
trino interaction cross sections. These features aim to control systematic
uncertainties with the precision needed to fulfill the DUNE primary science
objectives. The discrimination between fluxes of neutrinos and antineutrinos
requires a magnetized neutrino detector to charge-discriminate electrons and
muons produced in the neutrino charged-current interactions. As the near
detector will be exposed to an intense flux of neutrinos, it will collect an un-
precedentedly large sample of neutrino interactions, allowing for an extended
science program. The near detector will, therefore, provide a broad program
of fundamental neutrino interaction measurements, which are an important
part of the ancillary scientific goals of the DUNE collaboration. The ref-
erence design for the near detector design is a fine-grained tracker (FGT),
illustrated in Figure 4. Its subsystems include a central straw-tube tracker
and an electromagnetic calorimeter surrounded by a 0.4 T dipole field. The
steel of the magnet yoke will be instrumented with muon identifiers.
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Figure 3: Layout of the APAs (blue) and CPAs (red) arrangement inside the LArTPC.
The photon detection system will be integrated to the APAs (some frames are shown in
green, athe the corners of the APAs).
7
Figure 4: A schematic drawing of the ND fine-grained tracker design.
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2. The DUNE physics program
2.1. Neutrino Oscillations
The small size of neutrino masses and their relatively large mixing bears
little resemblance to quark masses and mixing, suggesting that different
physics and possibly different mass scales in the two sectors may be present,
thus motivating precision study of mixing and CP violation in the lepton
sector of the Standard Model. DUNE plans to pursue a detailed study of
neutrino mixing, resolve the neutrino mass ordering, and search for CP viola-
tion in the lepton sector by studying the oscillation patterns of high-intensity
νµ and νµ beams measured over a long baseline. The oscillation probabil-
ity of flavor conversion P(νµ → νe), to first order (Nunokawa et al. 2008),
considering propagation of a neutrino beam through matter in a constant
density approximation, have two major contributions for observations of CP
asymmetry: δCP and a = GfNe/
√
2. In a, Gf is the Fermi constant, Ne is
the is the e− number density of the matter crossed by neutrinos. Both δCP
and a switch signs in going from neutrinos to antineutrinos. The matter
effect is modulated by the value of constant a, according to the presence of
e− and the absence of e+. In the few-GeV energy range, the asymmetry from
the matter effect increases with baseline as the neutrinos pass through more
matter, therefore an experiment with a longer baseline will be more sensitive
to the neutrino mass hierarchy (MH). For baselines longer than ∼1200 km,
the degeneracy between the asymmetries from matter and CP-violation ef-
fects can be resolved; hence DUNE, with a baseline of 1300 km, will be able
to unambiguously determine the neutrino MH and measure the value of δCP
(Diwan 2004). The experimental sensitivities presented here are estimated
using GLoBES (Huber et al. 2005). GLoBES takes neutrino beam fluxes,
cross sections, and detector-response parameterization as inputs. It was also
included dependences on the design of the neutrino beam. The cross section
inputs to GLoBES have been generated using GENIE 2.8.4 (Andreopoulos
2010). The neutrino oscillation parameters and the uncertainty on those
parameters are taken from the Nu-Fit (Gonzalez-Garcia 2014) global fit to
neutrino data. Sensitivities to the neutrino MH and the degree of CP viola-
tion are obtained by performing a simultaneous fit over the
(−)
ν µ → (−)ν µ and
(−)
ν µ → (−)ν e oscillated spectra. Figure 5 shows the significance with which
the MH can be determined as a function of the value of δCP , for an exposure
which corresponds to seven years of data (3.5 years in neutrino mode plus
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3.5 years in antineutrino mode) with a 40 kton detector and a 1.07 MW (80
GeV) beam. For this exposure, the MH is determined with a minimum sig-
nificance of
√
∆χ2= 5 for nearly 100% of δCP values for the reference beam
design.
In the approximation for the electron neutrino appearance probability
(Nunokawa et al. 2006) there are CP-odd terms (dependent on sin δCP )
that have opposite signs in νµ → νe and νµ → νe oscillations. For δCP 6=
0 or pi, these terms introduce an asymmetry in neutrino versus antineutrino
oscillations. The variation in the νµ → νe oscillation probability (Nunokawa
et al. 2006) with the value of δCP indicates that it is experimentally possible
to measure the value of δCP at a fixed baseline using only the observed shape
of the νµ → νe or the νµ → νe appearance signal measured over an energy
range that encompasses at least one full oscillation interval. A measurement
of the value of δCP 6= 0 or pi, assuming that neutrino mixing follows the three-
flavor model, would imply CP violation. Figure 6 shows the significance with
which the CP violation (δCP 6= 0 or pi) can be determined as a function of the
value of δCP for an exposure of 300 kt × MW × year, which corresponds to
seven years of data (3.5 years in neutrino mode plus 3.5 years in antineutrino
mode) with a 40 kton detector and a 1.07 MW 80 GeV beam.
2.2. Supernovae Neutrinos
The DUNE experiment will be sensitive to neutrinos in the few tens of
MeV range. This regime is of particular interest for detection of the burst of
neutrinos from a galactic core-collapse supernova. The sensitivity of DUNE
is primarily to electron flavor supernova neutrinos, and this capability is
unique among existing and proposed supernova neutrino detectors for the
next decades. Neutrinos from other astrophysical sources are also poten-
tially detectable. Liquid argon has a particular sensitivity to the νe compo-
nent of a supernova neutrino burst, via the charged-current (CC) absorption
νe+
40Ar→e−+40Ar∗ for which the observables are the e− plus de-excitation
products from the K∗ final state, as well as a νe interaction and elastic scat-
tering on electrons. DUNEs capability to characterize the νe component of
the signal is unique and critical. Other interesting astrophysics studies can
be carried out by DUNE, such as solar neutrinos and supernova neutrinos
diffuse background, neutrinos from accretion disks and black-hole/neutron
star mergers. There may also be signatures of dark-matter WIMP annihi-
lations in the low-energy signal range. Neutral-current (NC) scattering on
10
Figure 5: The significance with which the mass hierarchy can be determined as a function
of the value of δCP for an exposure of 300 kt × MW × year, assuming normal MH (top)
or inverted MH (bottom). The shaded region represents the range in sensitivity due to
potential variations in the beam design.
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Figure 6: The significance with which the CP violation can be determined as a function
of the value of δCP for an exposure of 300 kton × MW × year assuming normal MH (top)
or inverted MH (bottom). The shaded region represents the range in sensitivity due to
potential variations in the beam design.
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Ar nuclei by any type of neutrino, νx+
40Ar→ νx+40Ar∗, is another process
of interest for supernova detection in LAr detectors although is not yet fully
studied. The signature is given by the cascade of de-excitation γs from the
final-state Ar nucleus that can be potentially be used in tagging NC events.
The predicted event rate (NC or CC) from a supernova burst is calculated
by folding expected neutrino differential energy spectra in with cross sections
for the relevant channels and with detector response. The number of signal
events scales with mass and inverse square of distance as shown in Figure 7.
The rates in the Figure 7 show the ability of DUNE in have a large statistics
in case of a galactic supernova, and resolve astrophysical phenomena to be
observable in the neutrino burst signatures. In particular, the supernova ex-
plosion mechanism, which in the current paradigm involves energy deposition
via neutrinos, is still not well understood, and the neutrinos themselves will
bring the insight needed to confirm or refute the paradigm.
2.3. Baryon Number Violation
Grand Unified Theories (GUTs) unite the three gauge interactions of par-
ticle physics strong, weak, and electromagnetic into one single force. One of
the consequences is the predictions about baryon number violation and pro-
ton lifetime that may be accessible to DUNE, since the observation requires a
kton detector working in low background environment (Senjanovic 2010). Al-
though no evidence for proton decay has been detected, lifetime limits from
the current generation of experiments constrain the construction of GUT
models. In some cases, these limits are approaching the upper bounds of
what these models will allow. This situation points naturally toward contin-
uing the search with new, highly capable underground detectors, especially
those with improved sensitivity to specific proton decay modes favored by
GUT models. In particular, the exquisite imaging, particle identification and
calorimetric response of the DUNE LArTPC Far Detector opens the possi-
bility of obtaining evidence for nucleon decay on the basis of a single well
reconstructed event. The strength of the DUNE experiment for proton de-
cay studies relies on the capability to detect two significant decay modes: i)
p→e+pi0 which is often predicted to have the higher branching fraction. The
event kinematics and final states make this channel particularly suitable for
a water Cherenkov detectors. ii) p→K+ν. This mode is dominant in most
supersymmetric GUTs, and is uniquely interesting for DUNE since stopping
kaons have a higher ionization density than lower-mass particles. A LArTPC
could identify the K+ track with high efficiency. Also, many final states of
13
Figure 7: Estimated numbers of supernova neutrino interactions in DUNE (νe events
dominate) as a function of distance to the supernova, for a 10 kton detector (red band)
and a 40 kton detector (green band). The width of the bands are the range of possibilities
for Garching-parameterized (Tamborra 2012) supernova flux spectra, in both favorable and
non-favorable cases. All parameters from neutrino spectrum were considered constant in
time. The detector resolution was the same as Icarus and the detection threshold 5 MeV.
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K+ decay would be fully reconstructible in an LArTPC. The advantage of
LArTPC over Cherenkov detectors is clear from the comparison of efficien-
cies and backgrounds (per kton) for the decays with K in final states. While
LArTPC efficiencies are > 95% in most channels, Cherenkov detectors are in
the range of 10% to 20%. In LArTPC background are < 2 while in Cherenkov
detectors can reach up to 8 counts (Kearns 2013).
Another promising way of probing baryon number violation in DUNE
is through the search for the spontaneous conversion of neutrons into an-
tineutrons in the nuclear environment. While these are less well motivated
theoretically, opportunistic experimental searches cost little and could have
a large payoff. Based on the expected signal efficiency and upper limits on
the background rates, the expected limit on the proton lifetime as a function
of running time in DUNE for p→K+ν is shown in Figure 8.
3. Timeline
In the following we summarize some significant milestones for DUNE and
LBNF:
– Full-scale prototypes for SP and DP designs working at CERN in 2018.
– Installation of the first 10 kton TPC module underground by 2021.
– Choosen the technology for the remaining modules (2nd, 3rd and 4th).
– Far Detector will start to taking data by 2024 (cosmics).
– Far Detector data taking with beam starting at 2026.
– Near detector fine grained tracker installed by 2026.
– Finish all construction by 2028.
– Exposure of 120 kton × MW × year by 2035.
4. Conclusions
The remarkable advances in last decade on the knowledge of neutrino mix-
ing angles and mass splitting paved the way to test the 3-neutrino paradigm,
neutrino mass hierarchy and CP asymmetry in the lepton sector. DUNE
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Figure 8: Proton decay lifetime limit for p→K+ν as a function of time for underground
LArTPCs, starting with an initial 10 ktons and adding another 10 ktons each year for four
years, for a total of 40 ktons. For comparison, the current limit from Super Kamiokande
and a projected limit from Hyper Kamiokande are also shown. The limits are at 90% C.L.,
calculated for a Poisson process including background, assuming that the detected events
equal the expected background.
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will have the key features to successful reach its physics goals: a powerful
MW neutrino beam, a highly-capable fine-grained near detector, a massive
40 kton LArTPC working deep underground. In the last years, a strong
collaboration has been formed. The strategy for construction has been ex-
tensively discussed and provided solid grounds for a clear construction plan.
DUNE and LBNF together consist one of the most ambitious neutrino ex-
periment for the next era of precise measurements. DUNE can shed light
on some intriguing opened questions in physics, as the ordering of neutrino
mass eigenstates and CP violation in the lepton sector. The expected results
are highly significant in statistical terms and can be achieved in reasonable
time. Moreover, there is a rich non-oscillation physics program, covering top-
ics as supernovae, nucleon decay, and neutrinos interactions. With DUNE
and LBNF we foresee impressive technical and scientific achievements for
neutrino physics in the next decades.
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